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Chapter 1 
Background 
Discovery of Quorum Sensing: An "enlightened" historical perspective 
A startling new insight into microbial communication came in the late 20th century in the 
form of quorum sensing. Previous research had documented communication between various 
microbes (bacteria-algae (Pringsheim 1949)), and possible mechanisms had even been 
investigated (extracellular pili (Brinton 1965)).  But in 1968, Kempner and Hanson discovered 
that through rapid communication across their entire community, deep-sea communities of 
Vibrio fischeri were able to coordinate expression of bioluminescent behavior. The discovery of 
such complex coordination among such simple microbes hinted at a profound new form of 
microbial communication. This new form of communication would come to redefine microbial 
studies under the name of quorum sensing. 
 Curious about the source of the 
bioluminescent behavior in Vibrio, Kempner 
and Hanson explored the behavior of the 
bacteria in the laboratory (Kempner and 
Henson 1968). The bacterial colonies would 
remain dark when at low densities, then 
bioluminesce as their density increased (Figure 
1). The team discovered that when a Vibrio 
community was exposed to the conditioned-
medium used to grow a previous Vibrio community, the fledgling bacterial community would 
bioluminesce to the same extent as a dense colony. This finding implied the action of some sort 
of extracellular signal inducing the bioluminescent behavior. This new form of extracellular 
communication was dubbed autoinduction.  
 Autoinduction of bioluminescence occurred in the presence of some sort of extracellular 
signal: but how did this signal trigger a change in cellular behavior? Nealson et al. discovered 
that this change was a result of altered expression of the luciferase gene, which codes for an 
enzyme associated with bioluminescence (Nealson 1970). With the path of the altered bacterial 
behavior explained, the next step was understanding the nature of these expression-altering 
signals. 
Figure 1: Bioluminescent Vibrio fischeri. From 
https://www.flickr.com/photos/55386616@N07/
7082321451/sizes/o/ 
 Studies into the behavior of several different bioluminescent species explored the 
interplay between species and inductive behavior (Eberhard 1972). Signals that instigated 
bioluminescence in one species, or “inducers,” failed to produce the same behavior when applied 
to a different species. In other words, the inducers were often species-specific, only producing 
altered expression when subject to a signal from the same species as their origin. The 
implication: autoinduction served as a method of communication between bacteria of the same 
species. This established, the general pathway of Vibrio fischeri’s bioluminescence was soon 
uncovered. In the case of Vibrio, the autoinducer happened to be an acylated homoserine lactone 
(AHL) that was both produced and received by the bacterial population (Turovskiy 2008). 
Membrane receptors, upon receiving AHL, would begin a signal cascade ending in increased 
production of not only bioluminescent luciferase, but the proteins responsible for further 
production and reception of AHL. In this way the process of induction came to be understood as 
a positive feedback loop. A bacterial cell in a high-density colony would receive high levels of 
autoinducer. This signal would trigger increased production and reception of the autoinducer, 
while simultaneously signaling to neighboring cells in the same way. This escalation resulted in 
a dramatic, coordinated shift in transcriptional expression, and in the case of Vibrio, increased 
luciferase production and bioluminescence. 
The intervening years have broadened our understanding of the nature and scope of 
autoinduction. This changing understanding is echoed with our changing terminology. Dr. Steve 
Winans introduced the name “quorum sensing” in 1994, in an effort to better describe the 
behavior (Fuqua 1994). In its 
essence, bacteria use quorum sensing 
to communicate the density of 
cooperative cells in their 
surroundings. Once this density 
reaches a key point, or “quorum”, 
the signaling processing between 
these cells allows for coordinated 
gene expression between all bacteria in the group (Figure 2). In this way, quorum sensing is an 
invaluable tool for communication leading to cooperation in microbial communities. By 
Figure 2: Diagram of QS in bacteria. 
(https://sites.tufts.edu/quorumsensing/ quorumsensing101/) 
understanding their surroundings and coordinating with their allied cells appropriately, microbe 
communities can together achieve broad behavior like bioluminescence and biofilm formation.   
Quorum Sensing in Yeast 
 While initially discovered and explored in gram-negative bacteria, quorum sensing (QS) 
behavior has since been discovered in a variety of microbes, including gram positive bacteria and 
unicellular eukaryotes. The pathogenic fungus Histoplasma capsulatum was the first eukaryote 
found to exhibit this form of social behavior, using QS to coordinate its pathogenicity.  Once 
spore density within a host was high enough, QS allowed the fungus to coordinately switch to 
synthesis of pathogen surface proteins (Kugler 2000). Further exploration into pathogenic yeast 
would discover similar QS behavior in the notorious Candida albicans (Hornby 2001). 
 As with Histoplasma, the human commensal and pathogen Candida albicans, possesses 
the ability to use QS to switch between several different phenotypic states, each conferring a 
different degree of the pathogenicity. In a process called morphogenesis, this yeast switches 
between unicellular “yeast” 
form, and complex 
multicellular structures (Figure 
3) known interchangeably as 
pseudohyphal or filamentous 
growth (Sprague et al., 2006).    
 Two autoinducers 
mediate Candida quorum 
sensing. At high densities the 
chemical farnesol inhibits pseudohyphal social growth, while tyrosol can reduce the lag time in 
population growth and encourage these same social features (Mallick and Bennet 2013). 
Candida’s ability to switch between forms can prove incredibly useful, as Candida populations 
can alter their phenotype to best fit their environmental conditions (Medoff, et al., 1987). For 
example, filamentous growth can prove adaptive in nutrient-limiting conditions, when organized 
nutrient uptake can benefit the population’s overall welfare (Bell & Chaffin 1983). 
Unfortunately, this social ability can also lead to the formation of medically hazardous 
biofilms— spatially structured communities in which a durable, defensive extracellular matrix 
Figure 3: Left, Candida albicans germ tube structure vs. Right, 
unsocial Candida yeast cells. From Vediyappan et al. 2013 
covers a colony of specialized microbes (Figure 4; Hawser and Douglas 1994). Biofilms can be 
incredibly difficult to disrupt, proving resistant to traditional cleaning methods as well as 
antimicrobial treatments (Tsui, et al., 2016).  Candida biofilms can frequently occur in hospital 
settings, thus presenting a threat to 
immunocompromised patients, as Candida can 
lead to dangerous infections of the skin, 
esophagus, vagina, or gastro-intestinal tract 
(Calderone and Fonzi 2001). By switching 
between forms, Candida can not only adapt to 
changing nutrient conditions, but alter their 
presented antigens to confound the immune 
system. And while several forms of 
communication play into this fungi’s morphogenesis, quorum sensing plays a vital part in 
Candida’s ability to coordinate its pathogenic behavior.   
Saccharomyces cerevisiae as a Model Species for Studying QS 
 The yeast Saccharomyces cerevisiae has long played a role in human civilization. 
Evidence of usage of this yeast in food production stretches 7000 years and to this day 
Saccharomyces continues to play a vital role in production of bread, beer, and other foodstuffs 
(Duina 2014). Saccharomyces cerevisiae is also a major biomedical model organism, used to 
study genetics, cell biology, evolution, and broad microbiological questions. Saccharomyces 
cerevisiae possesses several qualities that make it an ideal model species for laboratory use: 
posing little to no health risk to researchers, an ability grow in a variety of environments, and 
numerous genetic tools available to manipulate it (Duina 2014). Decades of studies have led to a 
wealth of publicly available genetic and cellular knowledge about Saccharomyces cerevisiae 
(www.yeastgenome.org).  
 The quorum sensing behavior of Saccharomyces cerevisiae functions in a highly similar 
manner to that observed in Candida.  Like Candida, Saccharomyces exhibits dimorphic 
behavior, switching between unicellular microbes to elongated, attached pseudohyphal cells 
(Figure 5), generating complex biofilm colonies, mats, or colonies that invade agar, depending 
on the environmental conditions (Bruckner and Mosch 2012). In this manner Saccharomyces can 
Figure 4 :Diagram of a Candida biofilm. (from 
Silva et al., 2017) 
behave quite socially, communicating with their neighbors to develop complex, specialized 
structures. In 1997, Palkova and 
colleagues examined the social 
communication of yeast colonies, and 
discovered not only intra-colony 
communication, but long-range 
correspondence between different 
colonies. This study identified 
ammonia pulses as responsible for the 
recognition between Saccharomyces 
cerevisiae colonies: after a secondary pulse of ammonia, growth on the neighbor-facing side of 
the colony would halt, preventing competition over space (Palkova, et al., 1997). While social 
phenotypes of Saccharomyces cerevisiae have long been known (Reynolds and Fink 2001), 
recent studies have examined the role of quorum sensing communication in such cases of 
community cooperation.  
In a first study of its kind, Chen and Fink (2006) demonstrated that the chemical basis of 
Saccharomyces cerevisiae quorum sensing uses the aromatic alcohols phenyl ethanol (Phe) and 
tryptophol (Trp) (Chen and Fink, 2006). Production of these chemicals increases with yeast 
population density (Figure 6), and these autoinducers directly lead to an increase in their own 
production through expression of ARO genes (genes associated with the production of aromatic 
compounds), specifically, ARO8, ARO9, and ARO10, as well as later-identified genes such as PD  
(pyruvate decarboxylase) associated genes (Wuster and Babu 2009). Furthermore, 
Saccharomyces cerevisiae grown in nutrient-limiting media “conditioned’ with these 
autoinducers exhibited various forms of social growth, such as filamentous, pseudohyphal 
growth. At high enough Phe and Trp levels, the yeast version of protein kinase A (TPK2) was 
activated (Chen and Fink 2006), leading to expression of FLO11, which encodes for a cell 
adhesin that is required for all social behaviors that require the yeast cells to attach to one 
another (Bruckner and Mosch 2012).  The extent of social growth depended on such factors as 
which autoinducers were present and the nutrient quality of the media. Their study helped 
establish the active role of QS in Saccharomyces communication and social growth. Given the 
tools available to study this model organism, further studies of QS in this yeast could greatly 
Figure 5: Left, Saccharomyces cerevisiae exhibiting 
pseudophyphal growth; right, a group lacking social growth. 
From (Sprague et al. 2006) 
broaden our general and applied knowledge of quorum sensing in yeast, and potentially shed 
light on the social growth of the infectious Candida.  
Filamentous and Pseudohyphal Growth 
 The social behaviors of Saccharomyces cerevisiae provide an avenue to understanding 
quorum sensing behaviors. As mentioned previously, this yeast can switch between unicellular 
yeast and complex social structures (Sprague et al., 2006). These social features can take several 
forms, from the potentially hazardous biofilms to a morphological behavior called filamentous 
growth. In filamentous growth, the yeast cells become elongated and remain attached after 
budding, forming long chains of linked cells, thus allowing the colony to cover greater distances 
(Cullen and Sprague 2010). These hair-like structures allow the yeast to quickly access and 
compete for resources. Filamentous growth in haploid yeast takes the form of invasive growth 
into the medium, while in diploid yeast, it takes the form of a strand-like growth across medium 
called pseudohyphal growth. All forms of filamentous growth are induced by QS (Chen and Fink 
2006), but in the current study filamentous growth will refer to the strand-like structures of 
pseudohyphal growth found in diploids.   
 
Figure 6: Pathways associated with QS in Saccharomyces cerevisiae. (From Alvbelj et al., 2006) 
Natural Variation 
 The power of any model organism is enhanced when that organism’s natural variation 
can also be investigated (Gasch 2017). The term natural genetic variation refers to organically 
occurring differences in a genetic background that occur regardless of the fitness benefit these 
differences confer (Gasch 2017). All populations contain natural variation— from microbes to 
humans. Indeed, natural variation in human genetics has garnered increased interest in modern 
genetics, as our genome presents a road map to determining disease predisposition and treatment, 
and contains information on our species' history (The 100 Genomes Project Consortium 2015). 
However, the amount and type of natural variation in the genetic backgrounds of most organisms 
is still largely uncharacterized, even in model species. Just as one needs to know the accuracy of 
a measuring tool before using it, one wishes to know the naturally occurring phenotypic and 
genetic variation in a model organism, so that our understanding of its biology can be put into the 
context of its natural history.  
 A major advance in Saccharomyces cerevisiae research has come in the last decade, as a 
large collection of natural isolates has been amassed and made available to the research 
community (Liti, et al., 2009; Schacherer, et al., 2009; Strope, et al., 2015; Peter, et al., 2018). 
While common lab strains of yeast are certainly useful, they possess some unavoidable 
weaknesses. The strains are easy to manipulate, but this makes them atypical—different from 
how they naturally occur (Gasch 2017). Lab strains of Saccharomyces cerevisiae tend to be 
stable haploids that do not exhibit the social flocculation behavior more common in natural 
samples (Hope and Dunham 2014). Thankfully, Saccharomyces cerevisiae contains a broad 
spectrum of variation, with a random pair of non-coding sequences differing by up to 0.8 %--
variation that quickly accumulates considering the size of a genome (Gasch 2017). 
Saccharomyces cerevisiae’s broad variation can present difficulty in properly characterizing its 
behavior—but also an opportunity. The genetic variation in Saccharomyces cerevisiae, as well as 
the phenotypic variation found in numerous traits (Peter et al. 2018) predicts that there may be 
variation in quorum sensing activity. Analysis of the genetic and ecological factors behind this 
variation may offer insight into the basis of quorum sensing behavior and the factors that favor it 
in this species.  
 To properly explore the natural variation present in Saccharomyces cerevisiae quorum 
sensing, it is necessary to move beyond the single lab yeast strain that has been used to study 
social behaviors (Reynolds and Fink 2001; Ryan, et al., 2012). The laboratory yeast strain 
Σ1278b currently dominates contemporary studies in yeast social behavior, and is the one used to 
study quorum sensing (Chen and Fink 2006, Sprague et al., 2006). Moving away from the use of 
a single, tractable, social lab strain of Saccharomyces cerevisiae, the current study makes use of 
the 100-genomes collection, a diverse panel of yeasts from around the world and from a broad 
diversity of ecological niches that was generated with the expressed intent of providing a tool for 
studying natural variation (Strope, et al., 2015).  The strains were isolated from sources as varied 
as industrial fermentation reactions, plant samples, laboratories, and clinical patients. The 
genomes of all the strains have been sequenced and annotated: an incredibly useful resource for 
later studies into the genetic architecture of these strains. Use of the 100-strain panel allows 
visual evidence of the natural variation within Saccharomyces: and when observing the variation 
in filamentous growth among the strains, evidence pertaining to the natural variation in QS 
behavior. 
Genetic Architecture and the QTLs behind Phenotypic Traits 
The previous chapter demonstrated the incredible amount of natural variation in quorum 
sensing behaviors existing in the global Saccharomyces cerevisiae population. The underlying 
cause of that variation remains unknown; whether it is from different responses to signals, or 
from a non-functioning pathway required for QS, some strains exhibit far more pseudohyphal 
growth, and thus QS, than others. To understand the genetic basis of the observed natural 
variation in QS, and how different alleles might contribute to that variation, the next part of this 
research attempts to elucidate the genetic architecture of QS in a highly heterozygous isolate. As 
noted in Chapter 1, QS is often associated with pathogenicity; therefore the strain chosen for this 
study was isolated in a clinical setting.  
In Saccharomyces cerevisiae, many aspects of morphology, growth, and communication 
are complex phenotypic traits that are governed by entire genetic networks. The study of the 
genetic architecture of a complex trait is an attempt to understand the amount and type of genetic 
variation that exists in the network controlling the trait (Hansen 2006). Quantitative trait loci, or 
QTLs, hold significant interest to 
those studying the genetic basis of a 
complex trait.  QTLs refer to a 
portion of the genome responsible for 
a varied, quantifiable part of an 
organism’s phenotype (Doerge 2002). 
A QTL can negatively or positively 
influence the expression of the 
phenotype, and several distinct QTL’s 
can influence the same trait (Figure 
1). Discovering the locations of QTLs 
linked to a certain trait, also known as 
genetic mapping, is a technique used by agricultural breeders, disease researchers, and those 
interested in evolutionary genetics (Ewing, et al., 1999; Daw, et al., 2000). Understanding which 
QTL’s pertain to a certain disease can often lead to a greater ability to manipulate that disease at 
the genetic level. In a similar fashion, knowing the QTL’s responsible for biofilm formation 
could be an instrumental tool in biofilm manipulation and prevention. 
Figure 1: Example of genetic architecture of the genes 
expressed in skin. From 
https://www.ucsf.edu/news/2009/01/8225/study-
Bulk Segregant Analysis  
One method for locating QTLs is a 
pooled-sequencing approach, also known as a 
Bulk Segregant Analysis (BSA). This approach 
investigates the phenotypes of individuals from 
the same parents, and pools together similar 
individuals into two groups with extreme, 
opposite phenotypes. By comparing the two 
pools, it should be possible to identify genetic 
differences between them that may be causing the 
phenotypes. BSA simply refers to the splitting of 
many different offspring into "bulk pools", each 
with a different combination of the original genetic variation in the parents (Figure 2; Dunham 
2012). In yeast, rather than having two separate parents, a single heterozygous strain can be 
sporulated and individual spores (segregants) can be isolated; these segregants all possess 
slightly different genomes, and can be pooled based on their phenotypes (e.g., Granek, et al., 
2013). In order to understand the genetic basis of the difference between these bulks, the 
simplest method is analyzing disparities in allele frequencies. Alleles unrelated to the trait of 
interest should be roughly equally present between the bulks (Magwene, et al., 2011). However, 
alleles related to the trait, either in a positive or negative fashion, should reflect a significant 
difference in presence between the bulks.  
Recent research by Magwene, et al., has developed an efficient pipeline for locating 
QTL’s using BSA in yeast (Magwene, et al., 2011). To begin with, segregant strains are grouped 
into high and low bulks based on the trait of interest, then the DNA is extracted from the entire 
bulk pool and sequenced. Next, the allele frequencies are calculated for all polymorphisms 
across the genome and a G statistic is calculated (Figure 1). This statistical measure compares the 
observed allele frequencies in a bulk to the expected frequencies. The expected frequencies are 
based on the null hypothesis that are no relevant QTL next to the allele in question. The G 
statistic thus gives an estimate of how far that relative portion of the genome differs from 
proportions expected under the null hypothesis. This pipeline also takes into account the 
Figure 2: Example Diagram of BSA approach. 
From 
https://diauxicshift.wordpress.com/2017/02/05/t
utorial-bulk-segregant-analysis-in-yeast/ 
statistical noise that can result from variation in the sequence read coverage by calculating G’, a 
“smoothed” version of G. G’ is obtained by taking a weighted moving average of G values; in 
other words, the G values around a certain genetic location are averaged into one G’ value, the 
window of calculation then shifts to the next location for the next average. After establishing G’ 
values, the pipeline continues to define the parameters of the log-normal null distribution, or 
what the G’ values would look like with no QTLs.  Next, compare the observed G’ values to the 
null distribution, in order to determine areas that deviate significantly. A long running area of 
significant deviation can be designated as a QTL for the trait in question.  
 
Goals of this current research 
 While past research has set the foundation for understanding the mechanism of QS in 
Saccharomyces, there may be vital quorum sensing signaling pathways left to uncover. Before 
Saccharomyces can be used to effectively model greater eukaryotic quorum sensing, a broader 
understanding of the scope, variance, and genetic basis of the behavior is required. To this end, 
this current research hopes to answer two major questions: 
Aim 1: How varied is QS-induced pseudohyphal growth amongst Saccharomyces 
strains? Is this variation significantly tied to the ecological niche of the strain in question (i.e., is 
QS more important in certain environments than others)? (Chapter 2) 
Aim 2: What natural allelic variants exist in this complex QS process with in a clinical 
isolate? How many loci are directly responsible for high-incidence of pseudohyphal social 
behavior? (Chapter 3) 
 In order to answer these questions concerning the natural phenotypic and genetic 
variation in QS-induced social behavior, quorum sensing needed to be reliably quantified beyond 
qualitative measurements such as “greater” or “lesser” amounts of growth. For this purpose, I 
developed an image analysis pipeline in Python to measure QS-induced pseudohyphal growth. 
Using this pipeline, the behavior of a diverse assemblage of 96 Saccharomyces strains from all 
over the world and from a diversity of ecological niches was assayed (Strope, et al., 2015). This 
screen showed the natural variance amongst yeast strains, with QS behaviors ranging from 
smooth, completely unsocial colonies to sprawling, social colonies wrapped in pseudohyphal 
growth. Moreover, this variation occurred across niches, showing variation regardless of the 
ecological niche of origin. Next, to understand the genetic basis behind this variation, the study 
attempted to locate and identify quantitative trait loci, or areas of a genome responsible for a 
phenotypic trait, using a bulk segregant analysis approach (Granek 2013). Hundreds of 
segregants of a single, highly heterozygous clinical Saccharomyces strain, YJM 311, were grown 
and assayed in a similar manner to the previous diverse panel. Segregants with the two extreme 
phenotypes (no QS and high QS) were separately pooled and sequenced. Future results could 
reveal natural allelic variants of the Saccharomyces genome playing a previously unknown role 
in determining the extent of quorum sensing behavior.   
 
  
 
 
 
 
 
 
 
 
Chapter 2 
Natural Variation in Quorum Sensing Behavior 
Introduction  
 Natural variation manifests itself through differences in phenotype, genetic expression, 
and cellular signaling. The same is true for yeast QS, which as a primary method of 
communication can play a role in several different social phenotypes. In order to assay QS in the 
most direct fashion possible, this study examined QS behavior through differing pseudohyphal 
growth among the strains. Previous studies had found that induction of QS could occur on 
nutrient limiting media enriched with autoinducing chemicals (Chen and Fink 2006), and that 
such activity would manifest itself as pseudohyphal growth when grown on solid, ammonium-
scarce agar.  With this in mind, this study screened the 100-genomes panel for natural QS 
variation by inducing QS, and then measuring the resultant pseudohyphal growth. The strains 
were grown on four types of medium: (1) no autoinducers added, (2) phenyl ethanol added,  (3) 
tryptophol added, or (4) both phenyl ethanol and tryptophol added. The amount of filamentous 
growth surrounding pseudohyphal colonies was used as a marker for quorum sensing behavior.  
 
Methods and Materials 
Strains 
 This current study assayed the 100 genomes collection (Strope, et al., 2015) to examine 
natural variation. Strains are listed in Table 1 at the end of the chapter.   
Media  
Cultures of yeast were grown in liquid YPD (1% yeast extract, 2% peptone, and 2% 
dextrose). In order to elicit QS behavior, the yeast were grown on solid SLAD (synthetic low-
ammonia dextrose) medium, which is composed of 0.68 % yeast nitrogen base (w/o amino acids 
or ammonium sulfate), 2 % agar, 2 % dextrose, and 50 μmol ammonium sulfate. SLAD is not the 
only yeast media capable of inducing QS-related behaviors, but due to its lack of ammonia it also 
allows QS to occur. The autoinducers, phenyl ethanol (Phe) and tryptophol (Trp), were dissolved 
into DMSO before stirring into the molten agar for a final concentration of 100 μmol. Plates 
were left to dry two days before use in an assay. 
Pseudohyphal Growth 
Strains were grown overnight in a 96-well plate containing 200 μl YPD in each well. 
After growing to carrying capacity, the strains were transferred to OmniTrays (Nunc 264728) 
using a 96-pin multi-blot replicator (V&P Scientific no. VP408FP6). This pinner transferred 2 μl 
from each of the wells to plates of the three different media; 4 plates, or replicates, of each 
medium were generated for each assay.  All plates were wrapped with parafilm to prevent 
drying, then incubated at 30 degrees Celsius for one week.  
Images 
In order to accurately measure the amount of filamentous growth present on for each 
strain, the study needed a method of image capture and analysis that could present the 
filamentous growth as a quantitative value, comparable between strains. To this end I developed 
a Python program capable of reading images of each plate, and presenting an estimate of the 
filamentous growth of each strain, compared to its fellows. To obtain these images, the plates 
were cleaned for imaging. The OmniTray plates were wiped clean of any smudges, and then left 
open to dry to prevent the accumulation of moisture during imaging. The plates were then 
scanned on an Epson Expression 11000 XL scanner, which produced RGB color images with 
1200 dpi. After each plate was scanned, it was necessary to split each image file into 96 different 
files, each with one colony. A “colony” refers to the roughly circular collection of yeast cells that 
had grown up for each strain.” I developed a python program, “Splitrows,” which simply splits 
an image into 8 evenly spaced row images, then splits the row images up into 12 evenly spaced 
columns. When this program is given an image file of an experimental plate, with its array of 8 
rows and 12 columns of colonies, it evenly splits the plate image into 96 image files for each of 
the different colonies. Once each colony has been separated, they are ready to be further 
processed. 
Image Analysis 
 In order to quantify filamentous/pseudohyphal growth, a custom Python program was 
developed capable of discriminating between outer colony filamentous growth and the inner 
colony, and quantitatively measuring the difference (inspired by Tronnolone, et al., 2017). Figure 
1 (left) shows the typical structure of a filamentous/pseudohyphal colony.  Such colonies 
frequently contain a white “ring” around the inner part of colony where the pinner left cells; this 
ring separates the much more grey filamentous growth from the rest of the yeast structure. With 
the help of Rachel 
Rambadt, I 
developed a python 
program dubbed 
“Eclipse” to 
separate the colony 
into two parts— the 
white ring and the filamentous growth— and then report the ratio of the two.   
Eclipse uses the Skimage package (van der Walt, et al., 2014), which is capable of 
reading the color qualities of individual pixels within an image. Eclipse attempts to divide the 
pixels of the image to identify the two parts of the colony. To achieve this, the highest and lowest 
value of the white ring on the vertical axis were found, as well as the highest and lowest on the 
horizontal axis. These four locations were used to establish a major and minor axis for the ring, 
and thus map out its location as an ellipse. This ellipse then effectively “eclipses” all pixels 
inside of it—in other words, the inner colony (See Figure 1). These eclipsed pixels are placed 
into one bin. All pixels not eclipsed, the filamentous growth, are placed in a separate bin.  
The ratio of the filamentous growth bin to the inner colony bin is reported by the 
program. This ratio, or “filamentous index”, is a quantitative measure of the filamentous growth 
of the colony. Colonies with high QS activity will possess high filamentous growth compared to 
the inner colony, and thus a higher ratio, whereas colonies with minimal QS activity will possess 
little filamentous growth and a reported filamentous index. Functionally, this program is capable 
of taking an image of a yeast colony, and reporting back a quantitative measure of that colony’s 
behavior. This measure has no units, but can be useful when comparing between different 
colonies. Finally, a "quorum index" was calculated, which subtracted the no-autoinducer control 
treatment from the SLAD+Phe or SLAD+Trp treatments to identify strains that reacted strongly 
to the QS molecules.  
 Before the filamentous index of each of the colony images could be processed, it was 
necessary to identify the several parameters for the program. Essentially, the program needs to 
Figure 1: Left: Filamentous Saccharomyces cerevisiae colony. Middle, 
same image after separation of ring. Right, same image after separation of 
interior colony from filamentous growth.  
know the color thresholds that separate out “white”, “grey,” and background pixels.  To this end 
individual colony images plus the macro plate image were used in concert with Eclipse to find 
color thresholds. The thresholds designated the colony “ring” as white, and nothing beyond that 
as white, while designating filamentous colony growth as grey, but not any background noise in 
the image. Sometimes plate smudging or contamination made completely accurate 
discrimination of ring, filamentous growth, and background impossible with one single 
threshold. In this case the colony images were individually examined and cropped to exclude 
trouble spots. After the threshold values had been established, it was possible to process all 96 
image files in one run. A modification of Eclipse called “IteratedEclipse” processes each file in 
sequence, then reports each filamentous index. These filamentous index values were recorded, 
along with the strain they correspond with.  
Summary of the Experiment 
 The 100 genomes collection was assayed on SLAD in order to determine the level of 
pseudohyphal growth in this diverse panel of isolates, and on SLAD+Phe and SLAD+Trp plates 
to determine the inducibility of filamentous/pseudohyphal growth (or response to QS molecules); 
all treatments had 3-4 replicates each. In order to verify the findings of the natural variation in 
these Saccharomyces cerevisiae strains, the assay was repeated two more times. The two 
subsequent assays were identical to the first in nearly all aspects, except the later two assays 
included a fourth treatment group: SLAD +Phe+Trp. The combination treatment group 
combined both 100 μmol phenyl ethanol and 100 μmol tryptophol into the SLAD medium, in 
order to see if these treatments had any synergistic affects. Once all three assays were completed 
and the data from each had been compiled, the data were analyzed strain-by-strain. Strains with 
curiously high variance between replicates and treatments were scrutinized. Sometimes the 
original images possessed a smudge or contaminant that had skewed the analysis; these mistakes 
were fixed. The average filamentous index and the average quorum index for each colony was 
used to identify patterns in QS behavior amongst the strains. 
 
 
 
Statistics  
All told, the Saccharomyces strains were assayed on 3 assays over 40 different plates, for 
a total of 3840 individual colonies worth of data. The strain data were analyzed in JMP 11.2.0 
using an ANOVA framework. Strain and treatment were considered fixed effects, while assay 
was considered a random effect. The model fitted to the data was: Y = μ + Strain + Treatment + 
Assay +Strain* Treatment + Assay * Treatment.  
 
 Results 
Strain results 
After checking the strain data to find any outliers or imaging errors, the filamentous 
index data were analyzed to 
determine whether the QS of the 
strains differed by autoinducer 
treatment, as well as which 
strains were especially vulnerable, 
or reactive, to induction by the 
autoinducing chemicals. Table 2 
presents the results of the overall 
statistical model. Mean 
filamentous index across all data 
points was ~12.9. There was 
significant variation among strains 
in pseudohyphal growth (Figure 
2); strains that were dramatically 
significantly more or less 
filamentous than average are 
reported in Table 3. The results 
reveal a large amount of 
variation in social growth 
Fixed Effect df F p-value 
Strain 95 13.55 <.0001 
Treatment 3 1.99 0.23 
Strain*Treatment 285 0.99 0.52 
 
Random Effect 
 
Percent Variation 
Assay 1.782 
Treatment*Assay 5.183 
 Overall Filamentous Index Average:12.85 
Significantly 
variant strains 
Ecological Niche Effect size p-value 
A1 Clinical 5.33 < 0.0001 
A5 Clinical 3.94 < 0.0001 
B11 Clinical 9.79 < 0.0001 
B2 Clinical -5.45 < 0.0001 
C12 Laboratory -4.52 < 0.0001 
D10 Plant 5.49 < 0.0001 
D11 Ferment 5.25 < 0.0001 
D2 Clinical 9.02 < 0.0001 
D6 Clinical -4.44 < 0.0001 
E11 Ferment 5.96 < 0.0001 
F1 Ferment 6.85 < 0.0001 
F7 Clinical 7.36 < 0.0001 
G10 Clinical 18.96 < 0.0001 
G8 Ferment -7.31 < 0.0001 
Table 3: A sample of dramatically significantly filamentous and 
non-filamentous strains, with their reference name and ecological 
niche of origin.  
 
Table 2: Results of the overall model 
amongst the strains. While 
some strains exhibited a 
smooth phenotype and 
effectively zero filamentous 
growth, others exhibited the 
dramatic, web-like ring 
indicative of high social 
growth and QS activity. 
This variation was reflected 
in the data, with a great 
many of the strains assayed 
possessing either significantly 
high or significantly low 
filamentous. Variation in 
pseudohyphal growth was not 
related to ecological niche of 
origin (Figure 3). Strains from 
every ecological niche 
were able to exhit QS 
behaviors.  Each niche contains 
a fairly equivalent spread of 
values, with none signficiantly 
greater/ lesser than the others. 
Niches that show more 
variation, such as the clinical 
niche, may in fact appear so 
simply because they contain 
more data then groups like the 
laboratory niche. Figure 3. Filamentous indices of strains isolated from each 
ecological niche – color coded by treatment group 
Figure 2: Top- filamentous indices among strains going from least to 
greatest values, color-coded to treatments. Bottom image: Frequency 
of filamentous index values for each treatment and assay. 
  
 
Treatment Results 
There was no overall significant effect of treatment (Table 1; Figure 2). While some 
strains behaved differently in the presence of autoinducers, there was no significant effect 
induced by any of the treatment groups 
(Table 4). Many strains exhibited similar QS 
behavior in all treatment groups, and some 
even exhibited less QS in the autoinducer 
treatments than in the control (Figure 2). 
Assay and treatment*assay contributed 
very little to the overall 
variation in the data (Table 1 
and Figure 4). 
Further analsyis revaled 
that while no treatment group 
exhibited dramatic changes in 
social behavior across the 
board, inducible strains did 
experience alteration. In other 
words, non-social strains 
remained non social regardless 
of the environment they grew 
in, implying some absence or block in the QS pathway. However, highly inducible strians often 
became more highly induced in certain treatments – the phenyl ethanol treatment especially. 
Treatment with Phe caused a small but significant increase in pseudohyphal growth and 
filamentous index values across many strains (Figure 2). The difference catalyzed by Phe 
treatment was further clarified through quorom index values. The quorum index refers to the 
Level Mean 
Estimate of 
effect 
p-value 
 
Combo 11.31 (+/- 1.14) -1.36 N/S 
Con 13.3 (+/- 0.91) 0.60 N/S 
Phe 14.09 (+/- 0.92) 1.42 0.098 
Trp 12.01 (+/- 0.91) -0.66 N/S 
Table 4: Average filamentous index and statistical 
significance of effect for the treatment groups. 
Figure 4. Filamentous index for the control, Phe, Trp, and combo 
treatments. Data from assay 1 is dark green, assay 2 is red, and assay 
3 is dark blue. These figures demonstrate the overall reproducibility 
of the results among different  assays.  
change in filamentous index in the treatment groups, compared to the control. They represent 
how the presence of the treatment autoinducer in that group changed (or failed to change) the QS 
behavior within the strains. 
Positive values indicate increased 
QS, while values near zero indicate 
no change. Combo and Trp 
treatments yielded negative or 
near-zero quorum indices; only 
Phe treatments values were reliably 
positive across assays (Figure 5).  
 
Discussion 
 The breadth of filamentous 
growth and quorum sensing behavior observed in this study demonstrated the significance of 
natural variation in Saccharomyces cerevisiae, while still contradicting initial expectations on QS 
behavior. The degree of variation in social, filamentous growth among the 96 strains was 
impressive, with a great many exhibiting statistically significant variations in filamentous 
indexes from the broader pool. From this rich pool of Saccharomyces strains, obtained from all 
manner of locations, we observed colonies as smooth as a coin and entirely unsocial, growing 
next to colonies ringed by far-reaching filamentous growth. Some strains behaved this way 
consistently among treatments, while others were induced by the addition of autoinducers. Thus, 
we observed variation in filamentous growth, as well as variation in QS-induced filamentous 
growth. Apart from clearly indicating the presence of significant natural variation in the QS trait 
of this model organism, these findings generate questions as to the underlying cause of this 
variation.  
 Strains of Saccharomyces must possess considerable genetic variation in QS-linked 
portions of the genome to explain the variation in phenotype. Previous studies have indicated the 
depth of complexity of QS and filamentous growth, and the pathways underlying their induction 
within Saccharomyces cerevisiae (Chen and Fink 2006, Wuster and Babu 2009). Different genes 
are located in each of these pathways, creating a complex genetic architecture responsible for the 
Figure 5: Quorum index values for each of treatment in 
each assay, displayed by frequency of value. 
presence, strength, and inducibility of QS in yeast. The natural variation observed in the current 
study could be derived from variation in any portion of the genetic architecture of QS or 
filamentous growth.  For example, some of the high-filamentous index colonies observed may 
have contained regulatory variation enhancing the expression of the ARO9 and ARO10 genes, 
allowing for greater production of the autoinducers—other highly social colonies may possess 
higher expression of genes tied to the concentration of receptors for a specific autoinducer. Such 
genetic variation may serve to explain the most unexpected and puzzling results observed in the 
96-strain screen: less QS in the presence of a combination of autoinducing chemicals. 
Overall, autoinduced responses in the current study were far from uniform across the 
population. No statistically significant difference was found between the treatment groups when 
considering the population as a whole. Each of the experimental plates was broadly similar, not 
only between assay, but between treatments. Closer examination illustrated that some treatment 
groups, such as the combo group, would in fact induce slightly less filamentous growth than the 
control. On the other hand, the Phe treatment group was nearly statistically significant, 
suggesting that it produced higher filamentous indices on average across the population. These 
results may suggest that this compound is important in natural populations.  
Chen and Fink (2006) demonstrated profound changes in social expression when the lab 
strain Σ1278b was exposed to dilute treatments of phenyl ethanol, tryptophol, and both in 
combination. This strain was included in our panel (well E4), and while it responded to the 
autoinducing chemicals, our results were not as dramatic as theirs. 
The profound difference in inducibility between Σ1278b and the strains in the panel 
indicates a disparity in behavior between this popular model strain and the array of 
Saccharomyces cerevisiae tested in the study. The easily manipulated QS of the laboratory 
model strain may not translate smoothly to the broader population of Saccharomyces yeasts and 
how they behave in nature.  
The origin of this phenotypic disparity between Σ1278b and the assayed strains again 
points to the importance of understanding the role of QS’s genetic architecture. In the case of 
Σ1278b, the expression or inhibition of certain QS-associated genes allowed the inducibility of 
the model strain – variations in these same genes led to the massive body of natural variety 
observed in the current study. While some aspects of the pathways controlling QS in yeast have 
already been characterized (Chen and Fink 2006,  Wuster and Babu 2009), gaps still exist in the 
understanding of the role the genetic architecture of QS plays in natural variation. Better 
comprehension of the identity of the genes comprising this architecture could present valuable 
insight into the quorum sensing behaviors present in this valuable model organism.  
 
Table 1: Strains (from Strope, et al., 2015). HMY refers to strain names in the Murphy lab; location 
refers to the coordinate on a 96-well plate; ecological niche refers to the habitat from which the strain was 
isolated; and geographic area refers to the origin.   
 
HMY 
Number 
Location Genetic Background Environment Geography 
21 A1 YJM128 clinical US, Kansas 
22 A2 NCYC 431 distillery not known 
23 A3 NCYC 914 distillery not known 
24 A4 NCYC 762 palm wine Africa, Nigeria 
25 A5 CBS 1227 clinical Europe, Romania 
26 A6 CBS 2910 clinical not known 
27 A7 CBS 2807 wine Slovenia 
28 A8 CBS 1782 distillery not known 
29 A9 91-190 clinical US, California 
30 A10 YJM310 clinical US, California 
31 A11 90-59 clinical US, California 
32 A12 92-123 clinical US, California 
33 B1 B70302(b) clinical Europe, UK 
34 B2 B68019c clinical not known 
35 B3 89-156 clinical US, California 
36 B4 F4852 clinical US, California 
37 B5 YJM522 clinical US, California 
38 B6 YJM521 clinical US, California 
39 B7 YJM523 clinical US, California 
40 B8 Y55 laboratory not known 
41 B9 YJM653 clinical US, California 
42 B10 R87-91 clinical US, Texas 
43 C1 R91-48 clinical US, Texas 
44 B11 R93-1871 clinical US, Texas 
45 C2 96-98 clinical Europe, Italy 
46 B12 R93-1017 clinical US, Texas 
47 C3 96-100 clinical Europe, Italy 
48 C4 96-101 clinical Europe, Italy 
49 C5 96-109 clinical Europe, Italy 
50 C6 96-110 clinical Europe, Italy 
51 C7 96-112 clinical Europe, Italy 
52 C8 96-113 clinical Europe, Italy 
53 C9 96-119 clinical Europe, Italy 
54 C10 96-120 clinical Europe, Italy 
55 C11 96-121 clinical Europe, Italy 
56 C12 SK1 laboratory not known 
57 D1 NRRL YB-4348 clinical Europe, Portugal 
58 D2 NRRL Y-10988 clinical US, New York 
59 D3 probably CBS 679 distillery US, Ohio 
60 D4 MMRL 125 clinical US, North Carolina 
61 D5 
UM25A (UCD-FST 08-
191) 
clinical US, Michigan 
62 D6 1566 (UCD-FST 08-199) clinical US, Michigan 
63 D7 1396 (UCD-FST 08-200) clinical US, Michigan 
64 D8 1882 (UCD-FST 08-203) clinical US, Michigan 
65 D9 NRRL Y-35 plant US, Illinois 
66 D10 NRRL Y-1532 plant Indonesia 
67 D11 NRRL Y-1546 wine Africa, West Africa 
68 D12 NRRL Y-6673 plant not known 
69 E1 NRRL Y-6679 waste water Europe, Spain 
70 E2 YPS134 plant US, Penn 
71 E3 YPS163 (=YPS608) plant US, Penn 
72 E4 Σ1278b laboratory not known 
73 E5 RM11 wine not known 
74 E6 R93-1092 clinical US, Texas 
75 E7 NRRL Y-961 clinical US, Washington D.C. 
76 E8 UM400 clinical US, Michigan 
77 E9 YJM1289 clinical US, Minnesota 
78 E10 M1-2 wine Europe, Italy 
79 E11 M28s2 wine Europe, Italy 
80 E12 NRRL Y-963 fruit US, Maryland? 
81 F1 NRRL Y-12637 wine South Africa 
82 F2 NRRL Y-12638 soil South Africa 
83 F3 NRRL Y-234 Molasses liquor US, Illinois? 
84 F4 NRRL Y-747 Cider not known 
85 F5 NRRL YB-427 Rum fermentation Trinidad 
86 F6 NRRL Y-5511 fruit Philippines 
87 F7 NRRL Y-11857 Sugar refinery Europe, England 
88 F8 NRRL Y-11878 Sugar cane Jamaica 
89 F9 NRRL Y-12758 wine/sake hybrid? Japan 
90 F10 NRRL Y-12769 Fermented tapioca Malaysia 
91 F11 NRRL Y-17447 waste water Thailand 
92 F12 NRRL YB-908 plant not known 
93 G1 NRRL YB-4081 plant Philippines 
94 G2 NRRL YB-4082 fruit Philippines 
95 G3 NRRL YB-4449 plant not known 
96 G4 NRRL Y-268 wine Europe, France 
97 G5 NRRL YB-2541 cider not known 
98 G6 NRRL YB-4506 plant Japan 
99 G7 NRRL YB-2625 plant US 
100 G8 Yllc17_E5 wine Europe, France 
101 G9 YPS606 plant US, Penn 
102 G10 NCYC110 ginger beer Africa, West Africa 
103 G11 UWOPS83-787.3 plant 
Central America, 
Bahamas 
104 G12 UWOPS87-2421 plant US, Hawaii 
105 H1 UWOPS05-227.2 insect Malaysia 
106 H2 273614N clinical Europe, UK, Newcastle 
107 H3 Y12 palm wine Africa, Ivory Coast 
108 H4 DBVPG1853 
honey wine (White 
Tecc) 
Africa, Ethiopia 
109 H5 NRRL Y-581 beer US, Missouri 
110 H6 NRRL Y-1890 kefir not known 
111 H7 NRRL Y-6297 palm wine Philippines 
112 H8 61-232 insect US, Pacific coast 
113 H9 61-196 insect US, Northern California 
114 H10 72-129 plant US, Arizona 
115 H11 74-29 clinical not known 
116 H12 05-780 plant US, California 
  
 
 
 
 
 
 
 
 
Chapter 3 
Toward Determining the Genetic Architecture of Quorum Sensing 
in a Clinical Isolate 
Introduction 
 The goal of this portion of the study study was to determine how many loci 
contributed to QS in Saccharomyces, and to identify the natural alleles underlying this social 
behavior. To that end, the analysis presented here focused on a highly heterozygous clinical yeast 
strain, YJM311(Magwene et al. 2011), which was isolated from the bile tube of a patient in San 
Francisco in 1991 (McCusker et al. 1994). As a clinical strain, YJM 311 should exhibit inducible 
QS behavior; as a heterozygous strain, there should be considerable variation in alleles between 
the chromosome sets, allowing for a successful Bulk Segregant Analysis. YJM311 is 
homothallic, which means the spores automatically self-mate to create homozygous diploids. 
Through this process, each segregant is homozygous for all the alleles of interest, and can be 
assayed as a diploid for QS. By assaying the body of segregants in the same manner as before – 
autoinducing media, incubated growth, assay with python pipeline – the filamentous growth can 
be used as a marker for QS induction between segregants, and used to determine bulks for BSA.  
Materials and Methods 
Strain:  
This portion of the current study examined a panel of 360 segregants of HMY7 
(YJM311, PGK1-mCherry-KanMX) that was generated by Brianna Meeks for a study on plastic 
adherence. Briefly, she did the following:  
HMY7 was taken through 4 cycles of recombination to generate F5 populations. Diploid 
populations were sporulated on solid medium for 3-4 days, gently scraped off using sterile water 
and a cell scraper, and digested using a zymolyase- β-glucuronidase procedure (Goddard et al. 
2005, Granek et al. 2013). Each resulting population of spores was pipetted in a concentrated 
drop onto a YPD plate and incubated overnight to allow for germination and mating. The mated 
patch was used to inoculate 5ml of YPD supplemented with either G418, followed by a 100 ul 
serial dilution into 5 ml of YPD supplemented with antibiotics, and a further day of growth. This 
culture was then washed and sporulated, beginning the cycle again. After the final cycle of 
recombination, spore suspensions were diluted and plated to a concentration of ~100 colonies per 
plate, with each resulting diploid colony stemming from a single haploid spore. 360 colonies 
were picked at random and arrayed in 96-well plates containing YPD. Plates were stored in 15% 
glycerol at -80C for further analysis. 
In this study these segregants were split into four plates (A-D), and referred to by their 
plate and location within this plate (Ex., top left of plate B is Ba1).  
Media 
SLAD medium was prepared in a similar manner to Chapter 2, except it was prepared 
with 1X yeast nitrogen base (0.17 %) instead of the 4X variation as before – this was to further 
encourage social phenotypes. As the autoinducer phenyl ethanol had previously indicated the 
greatest ability to induce QS behavior, all SLAD medium was prepared with 100 μmol Phe.  
Pseudohyphal Growth 
 The growth phase of this assay proceeded in an identical manner to Chapter 1. Cultures 
from all four 96-well plates of segregants were pinned onto SLAD + Phe plates, with two 
replicates of each. The plates were incubated at 30 degrees Celsius for one week, before imaging. 
This growth assay of 8 plates was replicated 2 more times, for a total of three assays and 24 
plates.  
Imaging and Image Analysis 
 The plate images were captured and analyzed using the same scanning hardware and 
Python pipeline described in the previous chapter. 
Bulk Pooling 
The filamentous index of each segregant was considered in order to sort them into the 
“high” and “low” bulks needed for bulk segregant analysis. As in chapter 2, any outliers or high-
variant data points were checked in case of smudged or contaminated images. After the 
filamentous index for each colony among all assays was verified, the data was scaled using a 
factor called a Z value. These values took the difference between the colony’s filamentous index 
and the average filamentous index of the entire plate, and divided that difference by that plates’ 
variance. Thus the Z value scales the filamentous index of high-growth plates to a more 
representative value for that colony, and also accounts for plates with unusually high variance. 
The scaled filamentous indices for 
each segregant were averaged, and 
compared to find the segregants with 
the highest and lowest filamentous 
indices. To be chosen as part of the 
high bulk, segregants needed 
consistently high filamentous 
indices, and images were double 
checked for the presence of actual 
filamentous growth (Figure 3). There 
were a great number of smooth, non-
social candidates for the low bulk. Final candidates were chosen not only for low filamentous 
indices, but as segregants also possessing no social growth across all assays (Figure 3).  After 
analyses and consideration of scaled and non-scaled filamentous growth across assays, 22 final 
candidate segregants were chosen to make up the high and low bulks.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Colony images from plate B, assay 1. On left: high bulk 
segregant Bd8. On right: low bulk segregant Bc6  
High 
Bulk 
Segs. 
Avg.Fil. 
Index 
High 
Bulk 
Cont. 
Avg Fil. 
Index 
Low 
Bulk 
Segs. 
Avg. Fil. 
Index 
Low 
Bulk 
Cont. 
Avg. Fil. 
Index 
AD2 0.638 BG12 2.273 AB10 0.045 BC4 -0.342 
AE11 1.347 BG3 0.979 AB11 -0.043 BC5 -0.452 
AH3 0.743 BH11 1.270 AB7 -0.647 BC6 -0.255 
AH5 0.786 CA12 2.299 AB8 -0.220 CB10 -0.497 
AH7 0.018 CB6 1.019 AB9 -0.421 CD10 -0.438 
AH9 0.811 CD11 1.288 AF6 -0.335 CG10 -0.144 
BC11 2.234 CE12 1.020 AF7 -0.416 DC3 -0.372 
BD8 3.434 CH1 2.006 AF8 -0.597 DC4 -0.326 
BE12 1.073 CH12 1.851 AF9 -0.405 DC5 -0.435 
BF12 1.411 DB12 1.515 BC3 -0.410 DC6 -0.311 
BG1 1.292 DF12 2.260 DF5 -0.194 DE5 -0.492 
Average High Bulk 
Fi. Index 1.253  
Average Low Bulk 
Fil. Index -0.350  
 
 
DNA Sequencing-Future Work 
Before genetic material could be processes, a large sample of cells for each of the bulks 
had to be produced. For a given bulk pool, each segregant was grown to saturation in 200 μl of 
YPD in a 96-well plate, then the yeast culture for each bulk was combined to make one large 
culture for storage and DNA extraction with the IBI Scientific gYEAST Genomic DNA Kit. The 
two DNA samples were shipped on dry ice to the University of Georgia Genomics and 
Bioinformatics core for KAPA library prep and paired-end 150 base pair sequencing on an 
Illumina MiSeq Micro platform. 
We are currently awaiting the results, but intend to process them in the following fashion: 
The sequence data will be aligned to the reference genome using BWA (Li and Durbin, 2009); 
SNPs will be called using FreeBayes (Garrison and Marth, 2012). The bsa-seq pipeline from 
Magwene, et al., (2011) will be run to generate a list of locations in the yeast genome where 
there are polymorphisms between the high and low bulk, along with their corresponding G-
Table 1: The final high and low bulk segregants, with their average Z-scaled filamentous index values.  
statistic. Peaks will be identified as runs of a high G'. Loci with a high G-statistic and which 
correspond with a specific protein, as found on the Chromosomal Features Map on the 
Saccharomyces Genome Database, will be used to generate a list of proteins of interest. From 
this list of genes and proteins of interest, we hope to discover novel features in the pathways of 
yeast QS. 
Results 
  The screen of 360 
segregants exhibited 
considerable natural variation 
in QS behaviors. Just as with 
the 96 strain screen, colonies 
exhibited morphology 
fluctuating from smooth, 
completely non-social structure 
to web-like colonies thick with 
far-reaching filamentous 
tendrils. This considerable 
breadth of natural phenotypic 
variation indicates a similar 
variation among the genetic 
architecture pertaining the social behavior of these strains. To characterize this genetic 
architecture, bulks were compiled out of either end of the social-growth spectrum in the manner 
described above (Figure 4). The 22 strains composing the high bulks were derived from the 
volatile social strains at the high-filamentous growth end of the spectrum, and the 22 of the low 
bulk derive from the stable, low social growth end of the spectrum.  The high bulk strains 
contain high variation in filamentous indices, “middle” segregants composing the rest of the 
assay contained generally low filamentous indices but high variation, and low bulk strains 
contained not only low filamentous indices, but low deviation amongst these values (Figure 5).  
  
 
Figure 4: The average filamentous indices of the segregants, color 
coded by the bulk. 
  
 
Discussion 
 High variance among the segregants enabled the successful progress of the bulk 
segregant analysis, and indicated strong variation amongst the segregants. When viewing the 
breadth of phenotypic differences amongst the segregants, it can seem farfetched that only four 
generations back all segregants studied came from the same mother strain of HMY7. Through 
the course of those 4 recombinations of the Saccharomyces genome, considerable variation must 
have arisen in the genetic architecture responsible for QS and filamentous growth, in order to 
facilitate the amount of phenotypic variation observed.  
 The ease by which BSA led to the creation of phenotypic variants underlies the 
complexity of the QS and filamentous growth pathways. Be it presence of nitrogen, local-cell 
density, autoinducer-concentrations, or nutrient levels, many factors play a role in determine the 
QS activity in Saccharomyces – each of these signals and their accompanying pathways toggling 
QS expression off or on. Strengthening or weakening of any of these pathways could push QS 
Figure 2:  The frequency of filamentous index values observed in the different bulk 
groupings  
permanently one direction. The body of 360 segregants exhibited this outcome, with colonies 
constantly smooth, without social behaviors ( e.g. Ab7, Df5…) or colonies reliably exhibiting 
strong filamentous growth (e.g. Bd8, Ch12…). Generations of mating and sporulation may have 
resulted in segregants with wildly variant expressions of the key signaling pathways involved in 
QS. The genes associated with these pathways will likely involve characterized QTL’s such as 
the ARO genes (Chen and Fin 2006), but may also involve areas of the genome previously not 
known to possess a relationship with Saccharomyces QS. Through BSA of the highly 
phenotypically variant HMY 7 variants, future work could easily elucidate these novel genes.  
 Future work derived from the current study will involve analysis of the genomic data 
derived from BSA and subsequent genetic analysis. Such work could make use of Magwene 
2011’s BSA pipeline to characterize likely QS-related genetic QTL’s through the use of a G-
statistical analysis (Magwene 2011). Once potential Saccharomyces QS candidates are isolated, 
further work could progress with further characterization of these QTL’s role in Saccharomyces 
QS behaviors, possibly through genetic-knockout studies or genetic swaps between known social 
strains and non-social strains. These methods could establish the strength of a candidate QTL’s 
effect on Saccharomyces quorum sensing behavior.  
 Understanding of quorum sensing in Saccharomyces will continue to play a vital role in 
microbiological and medical advances. QS communication functions heavily in the formation of 
yeast biofilms, including in the medically hazardous Candida albicans social structures. 
Considering the resistance of such biofilms to conventional antibiotics, bolstered understanding 
of the intercellular communications used in biofilm formation could prove vital in therapeutic 
efforts. Such knowledge would also benefit the usage of Saccharomyces as a model strain. 
Saccharomyces yeast continues to serve a role in microbiology research but many studies, 
including those making use of Σ1278b, neglect to consider the strong natural variation found 
within this species. Taking into account the variation present in Saccharomyces QS and 
filamentous growth behavior will better allow future research to accurately model the species’ 
natural behavior. In addition, using the natural variation present in Saccharomyces can, and has, 
prove a valuable tool to characterize the complex pathways present in yeast quorum sensing.  
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